We examine factors affecting the winter range limit of a migrating mammal, the silver-haired bat (Lasionycteris noctivagans), in states surrounding Lake Michigan, the fourth largest freshwater lake in the world. Using 555 citizen-based captures gathered between 1977 and 2016, we show that silver-haired bats overwinter (December-February) as far north as the 45th parallel, in areas roughly demarcated by the −12.2 • C (10 • F) mean daily minimum isotherm for January. Although summering populations adjacent to the lake are dominated by males, wintering animals are predominantly female and presumably migrants from north of Lake Superior. Logistic regression suggests that silver-haired bats are more likely to overwinter in warm areas, in counties near the lake, in urbanized locales, and on the west side of the lake. We believe that these small-bodied, solitary bats are hibernating in buildings and that use of human-made structures has allowed the silver-haired bat to overwinter in regions that are devoid of mines, caves and rock crevices and that are too cold for successful hibernation in trees. Lake Michigan impacts where this animal overwinters, presumably through the moderating influence of the lake on multiple aspects of the surrounding climate and because the shoreline likely is a major migratory pathway.
Introduction
Documenting the distribution of a species is a necessary first-step in addressing theoretical or applied questions concerning the effects of climate change, invasive species, loss of habitat, or other anthropogenic events [1] [2] [3] . In addition, knowledge of the range is critical in directing managers to where they should spend their available time and funds. Nevertheless, actually delimiting a range often is difficult, especially for uncommon taxa or for migratory species that occupy distinctly different geographic areas at different times of the year [4, 5] .
Among land-dwelling mammals, migration is most frequently conducted by bats, especially those that consume insects and live in temperate zones [6] . The disappearance of flying insects in autumn forces these mammals to migrate varying distances, often to nearby subterranean sites, where specimen was the date that the animal was received by the laboratory, which usually was 1-3 days later than the date on which the bat was first encountered by a citizen. Identification of bats submitted for rabies testing in Illinois was made by J.E.H. and J.M.M.; in Indiana, by J.O.W. and graduate students at Indiana State University; in Michigan, by A.K., T.C. and J.M.; and in Wisconsin, by personnel of the health laboratory. The sex of the animal was routinely recorded, except that of bats examined in Indiana before 2006 and occasionally in all states when only a partial body was submitted. The number of years for which data on rabies submissions was provided varied among states-Illinois, 2006 Indiana, 1977 Indiana, -2014 Michigan, 1978 Michigan, -1982 Michigan, and 2008 Michigan, -2016 and Wisconsin, 1997-2015 . None of the individuals included in our analyses tested positive for the virus.
We supplemented specimens from the rabies laboratories in Illinois, Michigan and Wisconsin with data obtained through other sources that also involved a chance encounter between a bat and a human between 1977 and 2016. For Illinois, we included several animals preserved at the Field Museum of Natural History that were listed in VertNet [30] . For Michigan, these included published accounts [31, 32] , reports from citizens who provided photographs, and a specimen in the Museum of Zoology at the University of Michigan (#156445). For Wisconsin, we included a bat in the Zoological Museum of the University of Wisconsin (#22523) and acquired additional records for 2006-2016 from a database compiled by the Wisconsin Department of Natural Resources [33] from annual reporting forms that were submitted by the 10 wildlife rehabilitators who were licensed by the state to accept bats. These experienced rehabilitators were responsible for determining the species and sex and were requested to indicate why the bat was submitted to their facility. We removed one entry from this database, dated 24 December 2006, because the reason for submission was "failure to thrive," indicating that the bat may have been held captive for an unknown period. In addition, we deleted two records from 10 December 2015, a male and female captured together in a building, because they appeared to match individuals that were received the following day by the state laboratory for rabies testing. Rehabilitating bats is illegal in Illinois and Michigan, and although it is allowed in Indiana, there is no centralized database from which we could extract data. Only two observations in our entire database duplicated animals reported by Izor [27] , because most of his records occurred before 1977 and in other parts of the continent.
Testing Izor's Hypothesis
To test Izor's suggested limit [27] , we used all records that were obtained through any type of citizen encounter. In formulating his hypothesis, Izor [27] examined the isotherm based on MDM temperatures obtained in January 1931 January -1960 . This mean temperature is calculated by determining the minimum temperature for each of the 31 days in the month and obtaining an average for each year; the resulting 30 means (one for each year) are then averaged to yield the MDM temperature [35] . Isotherms for the United States, based on these mean temperatures, are mapped at intervals of about 5.6 • C (10 • F), and only two such isotherms-those representing −6.7 • C (20 • F) and −12.2 • C (10 • F)-are present near Lake Michigan in January [34] [35] [36] . We qualitatively compared the location of counties with wintering silver-haired bats to the position of the −6.7 • C isotherm for 1931-1960 that was used by Izor [27] , but we also evaluated modern versions of the −6.7 • C and the −12.2 • C MDM isotherm for January that were constructed by the U.S. National Centers for Environmental Information [36] , based on data for the current normal (30-year) period of 1981-2010. Besides covering a more-recent 30-year period, these newer isotherms were created using additional reporting stations and improved computational techniques that accounted for missing values and varying times of observation [37] ; these methodological differences alone can result in apparent changes in climatological parameters [38] , such as the specific location of a particular isotherm.
Modeling
We performed exploratory analyses and modeled factors underlying the winter distribution of silver-haired bats in the states adjoining Lake Michigan using R (v. 3.4.1) [39] . For consistency in method of capture, we limited this analysis to only bats that were tested for rabies (Table S1 ). We further restricted our database to only bats that were tested in 2001 or later, because national recommendations for prophylaxis after contact with a bat changed at the turn of the century, resulting in a huge upsurge in the number of bats submitted [40] . Deleting data obtained before 2001 eliminated only 19 (3.9%) of the bats that were submitted for rabies testing.
Based on our knowledge of bats and local climate and geography, we examined a suite of variables that included latitude, side of the lake (east or west), distance from Lake Michigan, area of land in each county, total number of bats submitted for testing per county, MDM temperature for January, human population, and amount of developed area. Area of land and the latitude and longitude for the centroid of each county were obtained from the U.S. Census Bureau [41] , and we visually confirmed the position of the centroid in Google Earth. For some counties along the shores of the Great Lakes, the available centroid obviously included land under the lake, and in these instances, we estimated the position of the centroid for only the mainland portion of the county. Using the ruler tool in Google Earth, we then determined the minimum distance from the centroid to the shore of Lake Michigan. Classification of a county as east or west was usually obvious, but Lake Michigan is slightly curvilinear. Consequently, we arbitrarily divided counties south of the lake at −87.2 • longitude, which was located about 30 km east of the boundary between Illinois and Indiana, and counties north of the lake by −86.5 • longitude, which approximated the western border of Schoolcraft County, Michigan.
We obtained the MDM temperature for January 1981-2010 for individual recording stations [42] , and if more than one station occurred in a county, we averaged the values. The total number of bats submitted for rabies testing (all species) was included as a potential predictor, because it reflected the varying number of years for which data were available from each state and any differing propensity of counties to test bats for rabies [40] . We also included size of the human population, as of the census in 2010 [43] , and amount of developed land in each county. To obtain total developed area, we summed the values for three land-cover categories (developed low intensity, developed medium intensity, and developed high intensity) that were extracted from the National Land Cover Database [44] , using the Landscape Ecology Plugin (LecoS v. 2.0.7) for QGIS (v. 2.18.12) [45, 46] .
We were forced to eliminate counties from southern Illinois and Indiana (latitude of centroid <41 • N), to avoid collinearity issues with distance to Lake Michigan, and we also excluded Dane County, Wisconsin, because it is home to the National Wildlife Health Center, which submits a large number of bats for rabies testing that originate outside the county and state [47] . After eliminating these counties, developed area and human population within a county were highly correlated in the remaining data set (Spearman r = 0.91; p < 0.0001). Consequently, we combined these variables into an urbanization index, using the values for the first axis of a principal components analysis, which accounted for 96% of the variance. Afterwards, 25 of the 197 counties with centroids ≥41 • N were removed, either because they did not have a climatological station or because the data were deemed unreliable by the U.S. National Centers for Environmental Information [42] ; nevertheless, only two of these counties had a record of a silver-haired bat.
Most counties (92%) recorded only zero or one overwintering silver-haired bat during 2001-2016, so we modeled presence/absence of silver-haired bats in each county by logistic regression. We fit the full model to our variables, using the generalized linear model function in R [39] , with logit links and binomial distributions. We assessed various assumptions with the variable inflation factor (VIF) [48] , which gauged collinearity among predictors; the test of Durbin and Watson [49] , which evaluated correlation among residuals; and the one-step approximation of Cook's distance [50] , which checked for overly influential outliers.
We used stepwise regression for variable selection with the Akaike Information Criterion adjusted for small sample size (AIC c ) [51] . The least important predictors were sequentially removed from the model, using backward elimination, until AIC c was minimized [52] . We evaluated goodness-of-fit for the final model via the test of Osius and Rojek [53] . We checked the model's predictive power, using three-fold cross-validation with geographic blocking, to counter the spatial autocorrelation that is usually present in models with a spatial component [54] ; in other words, we examined the model's ability to predict presence/absence in the northernmost (>44.46 • N), central, and lower (<42.87 • N) third of counties when trained on the rest of the data. To quantify performance in each scenario, we examined the area under the receiver operating characteristic curve (AUC), which results from plotting the true versus false positive rate [55] ; AUC ranges from 0.5 to 1, with ≥0.80 indicating a model that appropriately assigns presence/absence [56] .
Results

Overall Patterns
We compiled 555 winter records of silver-haired bats from the four states, based on all encounters with citizens ( Figure 1 ). Of these, 483 (87%) came from rabies submissions; 58 (10%), from wildlife rehabilitators; and 14 (3%), from other sources. Of the total, 388 observations (381 rabies and 7 museum specimens) were from Illinois, 36 (all rabies) from Indiana, 17 (11 rabies, 3 photographs, 2 published accounts, 1 museum specimen) from Michigan, and 98 (39 rabies submissions, 58 rehabilitation records, 1 museum specimen) from Wisconsin. The number of reports per county with records varied from 1 to 306 (Cook County, Illinois); the median for those counties having at least one record was 1 bat/county. There are 349 counties in the four states, but only 60 (17%) yielded records of overwintering silver-haired bats (Figure 1 ). These counties were as far south as the Ohio River, whereas the mean latitude of the centroids for the three most northern counties-Door and Chippewa counties, Wisconsin, and Benzie County, Michigan-was 45 • ± 0.1 • (SE). Although these bats were detected over a broad area, most of the 555 individuals (63%) were found in five counties along the southwestern shore of Lake Michigan, from Milwaukee County, Wisconsin, to Cook County, Illinois.
The distribution of citizen-based records among the three months did not differ among the four states (X 2 6 = 7.89; p = 0.25). Overall, number of observations decreased over the three months, with 220 observations in December, 191 in January, and 144 in February (X 2 2 = 15.92; p = 0.0003). Sex was available for 505 animals, and most individuals were female (62%; X 2 1 = 30.44; p < 0.0001). All but one of these encounters with humans involved a single bat, and the exception was the male and female that were taken together in Wisconsin and initially brought to a wildlife rehabilitator.
Records supplied by health laboratories in Illinois, Indiana and Wisconsin provided no information concerning the circumstances under which the animal was encountered (e.g., outdoors, in a cave, in a church, etc.). In Michigan, two of the rabies submissions included the comment "found in house," and 11 animals from Illinois, Michigan and Wisconsin that were documented by publications, photographs or museum specimens apparently were captured in buildings. In Wisconsin, reasons given for admission of 35 of the 58 animals into a rehabilitation facility were nuisance removal from a building. Thus, we know the location of contact for only 48 of the 555 (9%) animals, but all 48 were associated with a building.
Testing Izor's Hypothesis
At least 38% of our records were in locations with temperatures cooler than suggested by the −6.7 • C MDM isotherm for January 1931-1960, and another 58% were in counties that the isotherm intersected ( Figure 1 ). The location of the −6. 
Modeling
For our analysis, we included 172 counties and documented silver-haired bats in 26 ( Figure 2 ). The full model contained no issues of collinearity among predictors (all VIF < 4) or significant correlation among residuals (p = 0.18). We discovered no overly influential points, based on Cook's distances (≤0.61) and a threshold of 1 to define unacceptable influence [57] .
The best-supported model (lowest AIC c ) included a significant negative relationship between distance from Lake Michigan and significant positive relationships with total bats submitted, urban index, and temperature; in addition, silver-haired bats were more likely to be found on the west side of the lake (Tables 1-3) . The closest competing model, which added the variable area, had a ∆AIC c of 2.1. (Table 2 ), a deviance that changed minutely after adding area as a variable, and 95% confidence intervals of the coefficient for area that included zero. Hence, we focused on the simpler model. The modified Osius-Rojek test indicated no evidence of poor fit (z ≤ 0.0001; p = 0.99). The model made correct predictions for presence/absence over 90% of the time for middle (AUC = 92.5) and southern (AUC = 90.7) counties. However, the model was less adept at predicting presence/absence in the northernmost counties, when trained on the southern and central counties (AUC = 72.7).
Discussion
Overall Patterns
The 555 records from December to February greatly exceed those from previous reports that rely on published anecdotes and/or museum specimens [9, 27] . Izor [27] , for example, reports silver-haired bats in winter from only 30 locations throughout the continent, with only two sites in Illinois, one in Indiana, one in Michigan, and none in Wisconsin. Most of our records are from animals submitted for rabies testing or to wildlife rehabilitators, and use of these resources requires correct identification of the species involved. Silver-haired bats, though, are quite distinct, and misidentifications, especially false positives, are unlikely, even by minimally experienced workers [58] .
Most, if not all, silver-haired bats that we report were overwintering in the region. Although a few individuals taken in December may have been late migrants during warm years, 60% were encountered in January or February, well after autumn migration would have ended. If many were still migrating, we would expect differences in the number of captures during December in Wisconsin and Michigan compared to Illinois and Indiana, but there was no difference among states in citizen encounters during each of the three months. Furthermore, even our three most-northern records, all taken near the 45th parallel and submitted for rabies testing, were received between 3 January and 20 February.
What type of microhabitat are these bats using for hibernation? Although silver-haired bats occasionally overwinter in caves and mines (e.g., [21, 59] ), this behavior appears uncommon [26, 60] . In addition, about 90% of our records occur within 100 km of the southern half of Lake Michigan (Figure 1) , where mines and caves are scarce or nonexistent, the landscape typically is covered by thick glacial till, and even exposed bedrock is rare [61] [62] [63] [64] . Some silver-haired bats may overwinter in trees in southern Illinois and Indiana, but this behavior does not seem viable in the colder, northern sections of those states or in most or all of Michigan and Wisconsin, where air temperatures remain below freezing for prolonged periods [65] . Overwintering in trees in northern areas would be more plausible if these small mammals gained extra insulation by clustering with other individuals inside tree hollows, like hibernating common noctules (Nyctalus noctula) in Europe [66] or even homeothermic flying squirrels (Glaucomys volans) in North America [67] . Our data, however, suggest that silver-haired bats are solitary in winter near Lake Michigan, and although more than one of these bats occasionally have been found in the same hibernaculum elsewhere, the animals rarely were in contact with each other [15] .
Although we provide information on site of capture for only 48 (9%) bats, most of which are from Michigan and Wisconsin, all are associated with buildings, and we speculate that most silver-haired bats in the four states are hibernating in human-made structures. Such sites may be inside deep cracks, crevices, or expansion joints of large residential, religious, or commercial buildings, similar to those sometimes used by the common noctule in Europe [68] , and/or inside the external walls of smaller structures that are internally heated throughout winter, similar to those frequented by big brown bats (Eptesicus fuscus) in the USA [69] . Whitaker and Gummer [70] speculate that use of heated buildings has allowed the big brown bat, which is a sedentary species, to expand its overall range northward, and we suggest that the silver-haired bat, which is a long-distance migrant, has been able to expand its winter range into colder areas of the continent that are devoid of caves and rock crevices by adopting human structures. In states surrounding Lake Michigan, buildings constructed since the time of European settlement presumably have allowed this bat to extend its winter distribution northward, thus enabling some silver-haired bats to perform shorter annual migrations. Nevertheless, all collecting methods are biased, and we cannot exclude the possibility that other silver-haired bats overwinter in cryptic subterranean sites, such as rodent burrows [71] .
Most silver-haired bats that summer in the region are male [24] ; for example, two mist-netting studies in the Upper Peninsula of Michigan recently yielded a total of 55 silver-haired bats, and all were adult males [72, 73] . In contrast, our data from citizen encounters indicate that 62% of the bats that overwinter near Lake Michigan are female. Based on analysis of stable isotopes in hair, Fraser et al. [12] suggest that silver-haired bats exhibit "partial migration," in which some individuals migrate while others are sedentary. Although most females in our study likely summered north of Lake Superior, males may have been either year-round residents of Wisconsin or Michigan or males from farther north that migrated to the vicinity of Lake Michigan.
Testing Izor's Hypothesis
For energetic reasons, the winter range of numerous species of homeothermic birds and mammals and heterothermic bats appears related to temperature, and for some species, the range limit has shown concordance with a particular isotherm [28] . For instance, McNab [74] (p. 140) believes that the common vampire bat (Desmodus rotundus), a tropical species, is limited to areas of Mexico that are south of the 10 • C "minimal isotherm" for January, and Fenton [75] shows that the eastern small-footed bat (Myotis leibii), a species that hibernates in caves, does not overwinter north of the −18 • C MDM isotherm for January in Ontario. Similarly, Izor [27] suggests that hibernation of silver-haired bats in buildings and trees is restricted to parts of the continent south of the −6.7 • C MDM isotherm for January. Clearly, though, this is not the case in the central Great Lakes region, where attempted overwintering occurs as far north as the 45th parallel and as much as 650 km north of the current −6.7 • C isotherm (Figure 1 ). However, the winter limit roughly parallels the −12.2 • C (10 • F) MDM isotherm, especially in Wisconsin, indicating that these bats are hardier than previously believed. The usefulness of this isotherm in predicting presence of silver-haired bats should be tested using citizen-based captures from other states or provinces.
The silver-haired bat has been described as a "quasi-hibernator," because of its frequent feeding activity during winter in the South [76] (p. 2). However, such a characterization does not seem apropos for silver-haired bats overwintering near Lake Michigan, where flying insects are seasonally absent. Instead, this species likely has a continuum of winter strategies, similar to those of the widely distributed big brown bat [77] , ranging from frequent arousal and foraging in southern areas to prolonged bouts of torpor and no feeding in the Great Lakes region.
Modeling
Our modeling, though, suggests that several factors help determine where this bat overwinters (Table 3 ). In addition to MDM temperature for January (Figure 1 ), distance to the lake is an important predictor of presence/absence, and there likely are multiple reasons for this. First, the lake has a tremendous moderating effect on the winter climate of surrounding regions [65, 78] . Areas closer to the lake are warmer throughout winter than those farther away, and the warming effect is more pronounced for the daily minimum temperature than the maximum; thus, the air temperature in hibernation sites is less likely to go below freezing each night when located near Lake Michigan. Second, the air near the lake contains more moisture [79] , which would aid in prolonging torpor by decreasing evaporative water loss [80] . The northward deflection of the −12.2 • C isotherm as it approaches the west coast of Lake Michigan (Figure 1 ) is an example of this moderation of temperature, and isoclines for dew point follow a similar pattern, i.e., they turn distinctly northward near the lake [79] . Third, the lake prolongs the frost-free period in fall, which would allow extended foraging prior to entering hibernation. For instance, average date of first frost for the coastal city of Muskegon, Michigan, is 11 October, but 50 km farther inland at Newaygo, Michigan, frosts begin two weeks earlier, on 28 September [65] . Finally, although coastal areas are slower to warm in spring, near-shore habitats provide a bountiful source of insects, especially chironomid flies, that are less common inland [81] . These insects hatch early in the season, even before spring leaf-out, and are extensively hunted by insectivorous birds as they migrate along the shores of the Great Lakes [79] , as well as by many bats in northern regions when they first leave hibernation [82, 83] . The only previous comment concerning the potential effect of the Great Lakes on the distribution of bats was by Fenton [75] (p. 3), who reported a few big brown bats and eastern small-footed bats in northern Ontario, near Lake Superior, and stated that their presence "could be attributed to the warming effect of the lake."
Bats often follow maritime coastlines during migration [9, 84] , and the same appears true for the shores of the Great Lakes (e.g., [13, 20, 85] ). If silver-haired bats migrate along the shorelines, then the greater probability of finding these mammals near the coast in winter may also reflect individual tendencies to move inland differing distances after their southward journey has been completed. The greater likelihood of discovering silver-haired bats west of the lake, though, is somewhat surprising, because the moderating effect of Lake Michigan on climate is generally more pronounced eastward (downwind) of the lake [65] . More bats are submitted for testing in counties west of the lake, where there is a greater concentration of urban areas; however, we found no evidence of collinearity among the variables, and the effect of side was significant even though these other variables were included in the model. Inclusion of side in the model, despite the presence of the other variables, suggests that more silver-haired bats migrate along the west rather than the east coast of the lake, as do some birds [86] . The effect of side is quite striking in that no county in Michigan, on the east side of the lake, yielded more than three winter records of silver-haired bats during the entire period of 1977-2016 (Figure 1) . Finally, although mist-netting reveals that nocturnal activity of silver-haired bats during summer is negatively correlated with urban development [87] , the reverse is true in our study, and the significant urbanization index supports the concept that silver-haired bats near Lake Michigan are using buildings for hibernation and not foraging in winter.
Our model performs well at identifying occupied counties in the southern and central portions of the study area but slightly less so in the north. As Roberts et al. [54] indicate, this reduced predictive power after geographic blocking could result from many factors that are not evident in the overall data set, including complex interactions or non-linear relationships among variables or limiting effects. We speculate that the somewhat poorer performance in the north primarily is due to the cold temperatures and long winters that prevail there [60, 65] , i.e., virtually the entire northern third of the study area may be unsuitable for overwintering by silver-haired bats, regardless of distance from the lake. Similarly, the lack of highly urbanized counties in the north might limit roosting opportunities needed to overwinter successfully at these colder temperatures. Analyzing citizen-based captures in developed areas that are north of the −12.2 • C MDM isotherm for January, such as metropolitan Minneapolis, could help determine whether temperature or urbanization are limiting the northward distribution of this species in winter.
Conclusions
Silver-haired bats consistently occur much farther north in the central Great Lakes region, and perhaps elsewhere in North America, than previously suspected. We believe that these bats use buildings as hibernation sites, thus allowing this mammal to overwinter in areas that are devoid of mines, caves and rock crevices and that are too cold for successful hibernation in trees by a small-bodied, solitary bat. Lake Michigan, the fourth largest freshwater lake in the world, impacts where this animal can be found, presumably through the moderating influence of the lake on multiple aspects of the surrounding climate and because the shoreline may be a major migratory pathway.
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